Altering the expression of Tomosyn-1 (Tomo-1), a soluble, R-SNARE domain-containing protein, significantly affects behavior in mice, Drosophila, and Caenorhabditis elegans. Yet, the mechanisms that modulate Tomo-1 expression and its regulatory activity remain poorly defined. Here, we found that Tomo-1 expression levels influence postsynaptic spine density. Tomo-1 overexpression increased dendritic spine density, whereas Tomo-1 knockdown (KD) decreased spine density. These findings identified a novel action of Tomo-1 on dendritic spines, which is unique because it occurs independently of Tomo-1's C-terminal R-SNARE domain. We also demonstrated that the ubiquitin-proteasome system (UPS), which is known to influence synaptic strength, dynamically regulates Tomo-1 protein levels. Immunoprecipitated and affinity-purified Tomo-1 from cultured rat hippocampal neurons was ubiquitinated, and the levels of ubiquitinated Tomo-1 dramatically increased upon pharmacological proteasome blockade. Moreover, Tomo-1 ubiquitination appeared to be mediated through an interaction with the E3 ubiquitin ligase HRD1, as immunoprecipitation of Tomo-1 from neurons co-precipitated HRD1, and this interaction increases upon proteasome inhibition. Further, in vitro reactions indicated direct, HRD1 concentration-dependent Tomo-1 ubiquitination. We also noted that the UPS regulates both Tomo-1 expression and functional output, as HRD1 KD in hippocampal neurons increased Tomo-1 protein level and dendritic spine density. Notably, the effect of HRD1 KD on spine density was mitigated by additional KD of Tomo-1, indicating a direct HRD1/Tomo-1 effector relationship. In summary, our results indicate that the UPS is likely to participate in tuning synaptic efficacy and spine dynamics by precise regulation of neuronal Tomo-1 levels. 2 The abbreviations used are: UPS, ubiquitin-proteasome system; Tomo-1,
Synaptic structure and activity within the central nervous system are continually modified as the result of ongoing cognitive, affective, motor, and environmental experiences. Manifestations of this plasticity, although diverse in mechanism, are largely composed of dynamic changes in the molecular regula-tion of synaptic efficacy, intrinsic electrical properties, and/or cell morphology. Although activity-dependent regulation of the synaptic proteome via de novo translation has long been recognized (1, 2) , it was not until the 1990s that the role of the ubiquitin-proteasome system (UPS) 2 began to be appreciated in targeted degradation of proteins participating in synaptic plasticity (3) .
Accumulating evidence has now established a key role for the UPS in regulating the development and efficacy of synapses (4 -6) . Acting within both presynaptic and postsynaptic compartments, the UPS has been reported to control a number of specific actions, including synapse maturation and maintenance, silencing presynaptic activity, and inhibiting the assembly of SNARE core complexes (7) (8) (9) (10) . The UPS also determines the AMPA receptor content and functional state of the postsynaptic density (PSD) (11, 12) , degrading scaffolding proteins and neurotransmitter receptors, in response to neural activity directing proteasomes to dendritic spines (13, 14) . Moreover, extensive evidence implicates the UPS in regulating spine dynamics (15) and trans-synaptic plasticity (16) . Differential targeting of positive and negative regulators of synaptic plasticity by the UPS is therefore proposed to contribute to the physiological dynamic range of neurotransmitter release and reception and, hence, the efficacy of information transfer at synapses.
Tomosyn-1 (Tomo-1) is a soluble, SNARE-family protein, primarily known as a potent negative regulator of vesicle fusion (17) that strongly reduces evoked exocytosis of neurotransmitter-containing vesicles (18 -20) and plasticity induction within the brain (21) (22) (23) . Although soluble, Tomo-1 also associates with secretory vesicles and plasma membranes in neuroendocrine cells (24, 25) and neurons (26 -28) . Tomo-1 has been observed to regulate neurite outgrowth and increase branching complexity in developing cultured rat hippocampal neurons and chemically differentiated NG108 cells (29) . Moreover, our recent study demonstrated an importance of Tomo-1 in modulating distribution of presynaptic vesicles among functionally defined vesicle pools, separating actively recycling vesicles from non-fusogenic resting vesicles (30) . Highly conserved orthologs of Tomo-1 are found in Saccharomyces cerevisiae (Sro7p/77p), Caenorhabditis elegans (TOM-1), and Drosophila melanogaster (Lgl), where they appear to exhibit strong similarities in structural properties (31) (32) (33) (34) (35) and mechanistic actions (36 -38) . TOM-1 has been reported to participate in trans-synaptic plasticity via the neurexin-neuroligin pathway in C. elegans (39) . Tomo-1 is also critical for some forms of plasticity and memory, including hippocampal-dependent learning and memory in mice (22) , and associative odor memory in D. melanogaster (21) . These reports suggest the activity and functional impacts of Tomo-1 may be dynamically modifiable as a result of neural activity.
Tomo-1 is subject to multiple forms of post-translational modification in neurons, including phosphorylation by PKA (36) and CDK5 (30) , and SUMOylation (40) by PIAS␥ (41) . Although PKA phosphorylation at serine-724 and SUMOylation at lysine-730 both reduce the inhibitory actions of Tomo-1, they do so by different means, as only PKA phosphorylation reduces Tomo-1 interaction with the R-SNARE syntaxin-1a. By comparison, CDK5 phosphorylation of Tomo-1 has been reported to increase its inhibitory properties on membrane trafficking (30) . Sro7p/77p also functionally regulate membrane vesicle trafficking with their activity subject to regulation by Rab-GTPases (Sec4) and a type V myosin (Myo2) (31) . Like Tomo-1, the related Tomo-2 protein is also expressed within cytoplasm of neurons, including those within the hippocampus in mice (42) . Interestingly, expression of Tomo-2 in HEK293T or the insulin-secreting INS1 cell lines revealed it was a target of UPS-mediated degradation (43) . However, the role of the UPS in regulating Tomo-1 level within neurons remains unknown.
Characterizing processes determining Tomo-1 protein level and functional state is important based on Tomo-1's key role in modulating vesicle release probability and trans-synaptic tuning in neurons. The purpose of the current study was to examine UPS-mediated regulation of Tomo-1 in hippocampal neurons and the impact of this regulation on synaptic structure. In addition, SNARE-domain containing proteins, including Tomo-1, and the UPS have been linked to the proteinopathy and protein aggregation associated with neurological and neurodegenerative diseases, including autism spectrum disorders (ASD) (44 -46) , Alzheimer's disease (AD) (47, 48) , and Parkinson's disease (PD) (49, 50) . Specifically, Tomo-1 gene variation in humans has been correlated with ASD (51).
Results

Tomo-1 expression level alters dendritic spine density
Because Tomo-1 is reported to alter membrane trafficking and vesicle fusion, we initially examined whether Tomo-1 alters the density or morphology of dendritic spines in synaptically mature cultures of rat hippocampal neurons (17-24 days in vitro (DIV)). Neurons were transfected with a soluble mCherry fluorophore and co-transfected with one of the following expression constructs: 1) N-terminal-tagged eGFP m-Tomo-1 (Tomo-1), 2) eGFP m-Tomo-1 containing a C-terminal R-SNARE motif deletion (⌬CT), 3) cytosolic eGFP, as a control for the overexpression of vectors containing eGFP, 4) shRNA targeting m-Tomo-1 for knockdown (KD), and 5) the same shRNA vector with a scrambled nucleotide sequence replacing the Tomo-1 target sequence. In addition, we examined a condition in which shRNA KD of rat Tomo-1 was rescued with co-transfection of shRNA-resistant human N-terminal-tagged mCherry-Tomo-1. Effectiveness of the Tomo-1 KD and rescue was confirmed by both immunocytochemistry (ICC) (Fig. 1A, B and D) and Western blot analysis ( Fig. 1 , C and D). ICC was quantified in transfected, shRNA-expressing neurons, relative to neighboring nontransfected control neurons. High-resolution confocal imaging of neurons transfected with GFP Tomo-1 also demonstrated localization within the cytosol to dendrites and spines ( Fig. 1E ). For spine analysis co-expression of mCherry and either GFP Tomo-1 or shRNA constructs also encoding GFP was confirmed by imaging of both mCherry and GFP spectral lines. Western blotting of lysates from virally infected neuronal cultures demonstrated that our expression constructs successfully knock down, overexpress, and rescue Tomo-1 in neurons ( Fig. 1, C and D) . To restrict fluorescence analysis to processes arising from individual neurons, we transfected cultures under conditions generating low transfection efficiency (ϳ2-5 cells per coverslip). To assess alterations in dendritic spine density and morphology, transfected neurons were subjected to laser-scanning confocal microscopy (LSCM) of mCherry fluorescence intensity over a series of Z-planes. Acquired Z-stacks were subsequently compiled to render 3D reconstructed dendrites from which spine density and morphology was quantified by following a single dendritic arbor projecting from each neuronal cell body. Representative images of dendrite segments for each condition tested are shown in Fig. 1F .
Importantly, our results demonstrate that exogenous Tomo-1 expression specifically and significantly increased average spine density. In contrast, shRNA-mediated KD decreased dendritic spine density, an effect overcome by Tomo-1 rescue, relative to respective controls ( Fig. 1G ). This identifies a novel postsynaptic function for Tomo-1, as the sparse transfection makes an indirect presynaptic effect unlikely. Notably, this effect occurred independently of Tomo-1's C-terminal R-SNARE domain. That is, the effects on spine density of Tomo-1 lacking its R-SNARE domain (⌬CT) were not significantly different from those overexpressing wildtype Tomo-1. Expression of the scrambled shRNA control sequence (SCR) had no significant effect on spine density relative to GFP control. Although Tomo-1 overexpression and knockdown was found to affect spine density, no significant effects were found on total spine length ( Fig. 1H ), spine head maximum diameter ( Fig. 1I ), or spine head volume ( Fig. 1J ). However, the rescue of Tomo-1 expression did indicate increases in maximum spine head diameter and volume ( Fig. 1 , I and J, purple). Moreover, as shown in Fig. 1 , K and L, cumulative frequency distributions of dendrite spine count versus distance from neuronal soma confirmed statistically significant differences between Tomo-1, ⌬CT, and KD relative to respective controls. Notably, the cumulative distributions were generally linear for each condition, indicating a uniform distribution of spine number over the measured distance of the dendrite. These results are the first to indicate Tomo-1 protein has the capacity to regulate the genesis or stability of dendritic spines and, poten-
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tially, the integrative synaptic drive of hippocampal neurons in culture.
Endogenous Tomo-1 co-localizes with PSD95 in dendritic spines
Next we examined by ICC if endogenous Tomo-1 is co-localized with the postsynaptic density protein PSD95, which may implicate its presence locally within spines of hippocampal neurons. Antigen specificity of the antibodies was confirmed by ICC of transfected HEK293T cells selectively overexpressing Tomo-1, Tomo-2, or empty vector control ( Fig. 2A ). Antibody specificity was further determined by Western blot analysis of transfected HEK293T cell lysates ( Fig. 2B ). As shown in Fig. 2C , ICC demonstrated that Tomo-1, although expressed throughout neurons, exhibits intense punctate immunofluorescence signals within neuronal processes. Although several prior reports have noted that Tomo-1 co-localizes with presynaptic markers, our results reveal Tomo-1 is also often found localized , and merged overlays in neurons following expression of the scrambled shRNA control (SCR) or an shRNA targeting Tomo-1 for KD. Scale bar ϭ 10 m. B, fluorescence micrographs of a neuron expressing Tomo-1 shRNA (red) ϩ shRNAresistant mCH-Tomo-1 (green, Rescue). C, comparison of Tomo-1 expression by Western blotting (20 g/lane) following lentiviral infection with scrambled shRNA vector control (SCR), shRNA targeting Tomo-1 ϩ GFP (KD), GFP Tomo-1 fusion protein (Tomo-1), or an shRNA-resistant mCherry-Tomo-1 (Rescue). D, lentiviral infection with an shRNA targeting Tomo-1 for knockdown (red) decreases Tomo-1 intensity to 49.1 Ϯ 2.3% (by Western blotting, n ϭ 4) and 47.4 Ϯ 3.1% (via ICC, n ϭ 8) of scrambled shRNA control vector (gray). WB, Western blotting. E, GFP Tomo-1 expression within a fixed dendrite indicates Tomo-1 overexpression localizes to dendritic spines (white arrowheads). Scale bar ϭ 10 m. F, representative fluorescence micrographs of dendrites in transfected neurons expressing cytosolic mCherry (red) and one of the following: GFP control (GFP, n ϭ 9), GFP Tomo-1 (Tomo-1, n ϭ 8), GFP Tomo-1 ⌬CT, (n ϭ 13), scrambled shRNA control (SCR, n ϭ 7), Tomo-1 shRNA (KD, n ϭ 14), or Tomo-1 shRNA ϩ shRNA-resistant mCherry-Tomo-1 (Rescue, n ϭ 7). Scale bar ϭ 10 m. G-J, averaged spine density (G), spine length (H), maximum spine head diameter (I), and spine head volume (J) for each indicated condition. K and L, comparison of cumulative frequency distributions of spine density in neurons in each condition. All data presented as population mean Ϯ S.E., with n defined as individual dendrites or neurons from independent culture dishes. Statistical significance (#, p Ͻ 0.1; *, p Ͻ 0.05; **, p Ͻ 0.01), where indicated, was determined versus GFP or SCR vector controls using one-way ANOVAs with multiple comparisons of the mean or Kolmogorov-Smirnov tests of cumulative frequency distributions.
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at postsynaptic sites, as indicated by co-localization of individual Tomo-1 and PSD95 immunofluorescent puncta ( Fig. 2 , C, white arrowheads and D, top). Indeed, line profiles of immunofluorescence along straightened dendrites show sites with highly correlated enrichment of Tomo-1 and PSD95 (Fig. 2D,  bottom) . Furthermore, pixel-by-pixel analysis of intensity profiles between the spectral channels further supports the validity of the observed co-localization between Tomo-1 and PSD95 ( Fig. 2E , Pearson's overlap coefficient, r ϭ 0.885, r 2 ϭ 0.783; Manders' correlation coefficients, M1 ϭ 0.759 (fraction of PSD95 overlapping Tomo-1), M2 ϭ 0.889 (fraction of Tomo-1 overlapping PSD95)).
Proteasomal regulation of Tomo-1 determines its abundance
Because Tomo-1 expression level correlated with changes in dendritic spine density, we next evaluated if the UPS may dynamically regulate neuronal Tomo-1 levels. First, we tested the effects of inhibiting the proteolytic activity of the 26S proteasome complex via bath application of MG132 (50 M, 4 h) or lactacystin (10 M, 4 h) versus DMSO vehicle control. Proteasome blockade via either drug significantly increased neuronal Tomo-1 protein levels, as shown by Western blot analysis of whole-cell lysate samples (Fig. 3, A and G) . Proteasome inhibition demonstrated no significant effect on total ␤-actin level. Depletion immunoprecipitation (IP) of Tomo-1 from lysate samples following proteasome blockade largely reproduced effects found on Western blotting input samples (Fig. 3, B and H). Specificity of the anti-Tomo-1 antibody used for IP was verified, as no immunoreactivity was apparent in Western blot analysis of rabbit IgG control or Tomo-2 immunoprecipitates ( Fig. 3 , C and D).
Tomo-1 interacts with the E3 ubiquitin ligase HRD1 in a proteasome activity-dependent fashion
HRD1 is an E3 ubiquitin ligase integral in the endoplasmic reticulum (ER) membrane (52) . It is known to inhibit apoptosis following buildup of misfolded proteins and ER stress (53) , and it is critical for ER-associated degradation (ERAD) (54) . HRD1 protein is expressed in neurons, but not glia, of the hippocampus, dentate gyrus, and cerebral cortex (55) , all of which also exhibit Tomo-1 protein expression (42, 56) . Notably, HRD1 has previously been identified as an interacting partner of Tomo-2 in a proteomics screen of Tomo-2 IP from the INS1 pancreatic ␤-cell line, and was further reported to regulate Tomo-2 level when co-expressed in HEK293FT cells (43) . Therefore, we next investigated if Tomo-1 interacts with HRD1 in hippocampal neurons, and if this is an E3-mediated mechanism by which Tomo-1 is specifically ubiquitinated and targeted for degradation. To test this, Tomo-1 was immunoprecipitated from neuronal lysates and the IP sample was tested for HRD1 co-precipitation. As shown in Fig. 3B , Tomo-1 IP resulted in co-precipitation of HRD1. As control, IP with anti-rabbit IgG, resulted in no Tomo-1 or HRD1 immunoreactivity ( Fig. 3C ). To date, most known Tomo-1 protein interactions have been reported to occur via its R-SNARE domain, which is homologous to the R-SNARE of VAMP2. However, as shown in Fig. 3E , IP of VAMP2 from neuronal cultures failed to co-immunoprecipitate HRD1, indicating that the Tomo-1 SNARE motif is unlikely a domain essential for interaction between Tomo-1 and HRD1. Although the UPS inhibitors MG132 and lactacystin increased Tomo-1 level in neuronal cultures, no significant increase in the level of HRD1 occurred following these treatments ( Fig. 3, F and I) . Importantly, however, proteasome blockade increased the extent to which HRD1 co-precipi- 
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tated with endogenous Tomo-1 (Fig. 3, B and J). These results indicate that perturbation of proteasome activity-dependent regulation not only affects Tomo-1 protein level, but may also alter the extent to which Tomo-1 interacts with HRD1.
HRD1 is present in neuronal processes and synapses
Because mammalian HRD1 is localized to the ER membrane, we next examined by ICC if HRD1 is present within neuronal processes, such as dendrites, where it may possess the ability to ubiquitinate and spatially regulate postsynaptic Tomo-1. Indeed, the ER has been reported to extend from somatic areas, where it is heavily enriched, into dendritic shafts and spines of neurons (57) . Furthermore, localized ER stress responses have been detected in dendrites of cultured mouse hippocampal neurons (58) . As shown in Fig. 4A , ICC of HRD1 in neuronal cultures demonstrated extensive HRD1 immunofluorescence within somata, as expected, but notably also within neuronal processes ( Fig. 4, A and B) . A fluorescence intensity alignment profile of HRD1 and PSD95 along straightened dendrites demonstrated localization within processes (Fig. 4B, bottom) . However, the diffuse dendritic distribution of HRD1 suggested it was not specifically located at sites of PSD95 fluorescent puncta ( Fig. 4C , Pearson's overlap coefficient, r ϭ 0.437, r 2 ϭ 0.191; Manders' correlation coefficients, M1 ϭ 0.724 (fraction of PSD95 overlapping HRD1), M2 ϭ 0.517 (fraction of HRD1 overlapping PSD95)).
The finding of an ER-localized E3 ligase within dendrites of primary hippocampal neurons suggests that HRD1 regulation of Tomo-1 may occur beyond the somatic compartment. As 
h) versus DMSO vehicle control on endogenous
Tomo-1 protein levels. B, Western blotting analysis of proteasome treatments, as in part A, on Tomo-1 IP and HRD1 co-IP levels. C, IP of Tomo-1 co-IPs HRD1, however IgG control IP does not co-immunoprecipitate HRD1. Tomo-1 was immunodepleted from lysates (Input), with little immunoreactive Tomo-1 in post-IP supernatant (Super). D, the Tomo-1 antibody is selective for precipitating Tomo-1 protein from lysates as Tomo-1 IP (15 DIV, 20 g/sample), but not rabbit IgG control (Rb. IgG) or Tomo-2, showed Tomo-1 immunoreactivity. E, IP of VAMP2 does not result in co-IP of HRD1. F, treatment of cultures with the proteasome inhibitors, as in A, resulted in no significant change in endogenous HRD1 in lysate. Data are normalized against ␤-actin protein levels (MG, n ϭ 7; Lac, n ϭ 7). G, quantification of Tomo-1 inputs from A (normalized to ␤-actin protein levels; MG, n ϭ 28; Lac, n ϭ 21). H, quantification of Tomo-1 IPs from B. Averages are presented as percent change versus vehicle-treated controls (dotted line; MG, n ϭ 7; Lac, n ϭ 7). I and J, quantification of HRD1 from lysate inputs (I) and HRD1 co-IP with Tomo-1 (J) (MG, n ϭ 6; Lac, n ϭ 7). All data presented as population mean Ϯ S.E., with n defined as independent neuronal culture dishes. Statistical significance (#, p Ͻ 0.1; *, p Ͻ 0.05; **, p Ͻ 0.01), where indicated, was determined using two-tailed t-tests.
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such, we next investigated if interaction between endogenous Tomo-1 and HRD1 proteins occur in neurons, including processes, using a proximity ligation assay (PLA) in fixed cultures. Interestingly, PLA fluorescent puncta indicated that Tomo-1 and HRD1 interact within the somata and nonsomatic regions ( Fig. 4 , D and inset). Specificity of this PLA interaction was demonstrated by the absence of a PLA signal when an interaction between Tomo-1 and the cytosolic exocytic regulatory protein Munc18 was tested. Furthermore, fluorescent puncta were not apparent in antibody omission control PLA reactions (data not shown).
Tomo-1 protein is ubiquitinated prior to proteasomal degradation
To determine whether Tomo-1 is subject to HRD1-mediated ubiquitination within neurons, we next infected neuronal cultures with an N-terminal-tagged YFP Tomo-1 fusion protein, which efficiently precipitated with an anti-GFP nanobody (Fig. 5A ). Importantly, IP samples from the YFP Tomo-1expressing neurons demonstrated ubiquitinated YFP Tomo-1 conjugates (Fig. 5B ). Conjugated ubiquitin immunoreactivity was not apparent in IP samples of the Tomo-1 knockdown condition, in which cytosolic GFP was co-expressed. Furthermore, with GFP expression (Fig. 5C, top) no ubiquitin immunoreactivity was observed at 26 kDa, the molecular mass of GFP-family proteins, following GFP IP (Fig. 5C, bottom) . This finding indicated that Tomo-1, and not the YFP (a GFP point mutant) fluoroprotein, was ubiquitinated.
We next examined if ubiquitination of the exogenously expressed YFP Tomo-1 was altered by pharmacological proteasome blockade. As shown in Fig. 5 , D-F, the expression level of YFP Tomo-1 was increased by ϳ1.5-fold versus DMSO vehicle control after a 4-h treatment with either MG132 or lactacystin. To mitigate deubiquitination in these experiments the broad-spectrum deubiquitinating enzyme inhibitor PR-619 was co-applied with proteasome inhibitors. Fig. 5 , E and G show that the increase in Tomo-1 level following proteasome blockade was accompanied by a significant increase in Tomo-1 ubiquitination, and, notably, the co-immunoprecipitation (co-IP) of HRD1 with YFP Tomo-1 also increased upon MG132 treatment. Importantly, the fraction of Tomo-1 that was ubiquitinated following proteasome blockade significantly increased relative to total Tomo-1 IP level.
HRD1 ubiquitinates Tomo-1 to regulate its level
To determine whether HRD1 is capable of directly ubiquitinating Tomo-1 we utilized an in vitro ubiquitination assay. For this assay, we expressed and affinity-purified Tomo-1 protein from HEK293T cells, and used commercially available purified HRD1 and its various upstream cofactors (ubiquitin, UBE1, UBE2D2, and ATP). As shown in Fig. 5H , Tomo-1 is ubiquitinated in a concentration-dependent fashion by HRD1. Moreover, significant ubiquitination above background did not occur in control conditions lacking HRD1, Tomo-1, or ATP, or when testing the empty vector control expressed and purified in the same manner as Tomo-1. Replacement of either the upstream E2 ubiquitin-conjugating enzyme (with UBE2G2), or the HRD1 itself (by another E3 enzyme of the same RING-type class: CHIP/STUB1) failed to induce Tomo-1 ubiquitination (data not shown). 
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We next investigated if HRD1 ubiquitination and proteasomal targeting of Tomo-1 may modify the density of dendritic spines. To address this question we tested shRNA constructs for HRD1 KD, and examined their effect on endogenous Tomo-1 protein level in hippocampal neuronal cultures. Two lentivirus-driven shRNAs targeting nonoverlapping regions of HRD1 mRNA were tested. The shHRD1 constructs resulted in significant (39 and 47%) decreases in HRD1 protein level relative to a scrambled shRNA control, as determined by Western blot analysis of whole cell lysate samples (Fig. 6A) . The incomplete KD of HRD1 within these neuronal lysates was likely the result of an only 56% transduction efficiency in cultured neurons (Fig. 6B ). This suggests that the level of HRD1 within infected neurons may be lower than 50% of control. Viral infection was highly specific to neurons, as evidenced by neuronal-specific nuclei labeling with anti-NeuN. Our incomplete knockdown of HRD1 is of similar extent to previously reported RNAi-based knockdown of HRD1 in differentiated neurons (59) . However, utilizing ICC fluorescence imaging to assess HRD1 KD efficiency, we observed that HRD1 fluorescence intensity levels in cells infected with a 50:50 mixture of both HRD1 shRNAs decrease ϳ72.2% as compared with SCR controls (Fig. 6, C and D) . Notably, the decrease found via Western blot analysis of HRD1 protein level following 52.5% knockdown resulted in a significant increase in Tomo-1 protein level by an average of 140.6% of control (Fig.  6, E and F) . 
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We next investigated the effects of HRD1 KD on dendritic spines, to determine whether the effects of Tomo-1 on spine density are dependent upon regulation by HRD1. We performed confocal imaging and 3D reconstruction and analysis of dendritic spines as in Fig. 1 . First, neuronal cultures were transfected with a soluble mCherry fluorophore and co-transfected with either; shRNAs targeting HRD1 (HRD1 KD), or the scrambled shRNA vector. Each shRNA construct co-expresses a soluble GFP reporter fluorophore. Representative images for each condition are shown in Fig. 6G . HRD1 KD was found to significantly increase average spine density, from 3.9 to 5.8 spines per 10 m, relative to the SCR control (Fig. 6H ). This effect parallels that observed following Tomo-1 overexpression, suggesting that HRD1 may tune spine density via Tomo-1 ubiquitination and targeting for degradation. Effects of HRD1 KD exhibited a statistically significant on average spine length, but no effect was found on head diameter or volume (Fig. 6, I-K) . Cumulative spine frequency in the HRD1 KD was similar to the change Figure 6 . Effect of HRD1 on dendritic spine density and functional relationship to Tomo-1. A, histograms of shRNA-mediated decreases in HRD1 from virally transduced cultures with two different shRNA KD sequences targeting HRD1 (mean Ϯ S.E., multiple comparisons ANOVA, *, p Ͻ 0.05; **, p Ͻ 0.01; n ϭ 3). WB, Western blotting. B, representative images of shHRD1-infected neuronal cultures. Transduction efficiency was quantified by counting shHRD1-expressing neurons (GFP ϩ HRD1 KD, middle) versus the total number of neurons present (anti-NeuN, top). Transduction efficiency averaged 56%, with Ͻ8% nonneuronal infection (n ϭ 1972 neurons, 20 fields of view, four dishes). Scale bar ϭ 50 m. C, representative LSCM fluorescence micrographs of shRNA expression reporter (tRFP, red), HRD1 expression (anti-HRD1, green), and merged overlays in neurons following expression of the scrambled shRNA control (SCR) or an shRNA targeting HRD1 for KD, as in B. Scale bar ϭ 10 m. D, histograms of shRNA-mediated decrease in HRD1 level following ICC of cultures infected with a 1:1 ratio of both HRD1 shRNA KD vectors. Values (mean Ϯ S.E., n ϭ 9) are normalized to anti-HRD1 ICC signal in scrambled shRNA (SCR) infected neurons. E, Western blotting comparison of neuronal HRD1 expression between lentiviral-infected SCR and HRD1 shRNA KD. F, histogram comparing HRD1 and Tomo-1 expression levels in neuronal cultures treated with a mix of the HRD1 KD shRNAs (green) or SCR control (gray). Statistical significance (**, p Ͻ0.01; mean Ϯ S.E.; HRD1, n ϭ 17; Tomo-1, n ϭ 14) was determined using multiple t-tests. WB, Western blotting. G, representative LSCM fluorescence micrographs of dendrites emanating from cultured hippocampal neurons transfected with and expressing cytosolic mCherry (red) and HRD1 shRNA (HRD1 KD), or Tomo-1 shRNA ϩ HRD1 shRNA (2KD). Scale bar ϭ 10 m. H-K, comparison of averaged spine density (H), spine length (I), spine head maximum diameter (J), and spine head volume (K) of individual neurons (14 -28 DIV) for the following conditions: HRD1 KD (green, n ϭ 7), SCR control (SCR, gray, n ϭ 7), or shRNAs targeting both HRD1 and Tomo-1 (2KD, blue, n ϭ 8). L, cumulative frequency distributions of spine density from above conditions.
observed for Tomo-1 overexpression (significant increase versus respective controls) ( Fig. 6L ). We next tested if the alteration in spine density or cumulative spine frequency following HRD1 KD is related to specific actions of HRD1 on Tomo-1. This was assessed by simultaneous shRNA-mediated knockdown of Tomo-1 and HRD1. Importantly, the effect of HRD1 KD to increase average spine density was nearly completely blocked in the double KD condition (2KD) (Fig. 6H) . The 2KD condition also exhibited a significant increase in averaged spine head diameter, with an accompanying trend on spine head volume but not spine length (Fig. 6, I-K) . These data suggest that the actions of HRD1 on spine density occur directly on or within the Tomo-1 signaling pathway, which itself alters spine density.
Discussion
In the present study, we identify Tomo-1, a soluble R-SNARE motif-containing protein, as a novel positive regulator of the density of dendritic spines in cultured hippocampal neurons. Tomo-1 overexpression specifically increased dendritic spine density without influencing average spine length, maximum head diameter, or head volume. Conversely, Tomo-1 knockdown decreased dendritic spine density. Notably, we have also determined that Tomo-1 is an interacting partner of and a specific target substrate for ubiquitination by the E3 ligase HRD1, which subsequently promotes Tomo-1 degradation by the 26S proteasome. Ablation of HRD1 activity via targeted knockdown increased global Tomo-1 protein levels in cultured neurons. Furthermore, HRD1 knockdown increased dendritic spine density. This effect was blocked following simultaneous knockdown of HRD1 and Tomo-1, strongly suggesting a signaling pathway involving both proteins in determining spine density. Thus, our data show that HRD1-mediated regulation of Tomo-1 is a newly identified component in neuronal regulation of spine density by the UPS and, therefore, potentially on synaptic dynamics of hippocampal neurons.
Neurons are highly polarized cells, with complex regulatory mechanisms that control cell excitability, synaptic plasticity, and information transfer within the brain. Tomo-1 has conserved orthologs (60) across a diversity of organisms and systems, demonstrating their important function in membrane trafficking and intercellular signaling. In addition, Tomo-1 exhibits a low level of genic intolerance relative to that expected by neutral variation found in genes (RVIS Ϫ0.4 (27%)) (61), suggesting that genetic variants of Tomo-1 may confer an increased risk of disease. Functionally, Tomo-1 has inhibitory actions on secretion within the brain (17), superior cervical ganglion neurons (36) , bovine adrenal chromaffin cells (62), pancreatic ␤-cells (25) , and in PC12 (40, 63) and CHO (64) cell lines. The most commonly reported mechanism of Tomo-1 action has been its role in inhibiting the priming and concomitant fusion of the readily releasable pool (RRP) of vesicles in neurons (19, 30, 65) and neuroendocrine cells (66) . In addition to Tomo-1 actions on the RRP, Tomo-1 has recently been shown to control the proportional reallocation of neurotransmitter-containing vesicles between functionally identified presynaptic vesicle pools (30) .
The current study identifies a completely novel postsynaptic effect of Tomo-1, the regulation of dendritic spine density in cultured hippocampal neurons. Interestingly, this action of Tomo-1 occurs independently of its C-terminal R-SNARE domain. The effects of Tomo-1 on dendritic spines may be analogous to known membrane trafficking and cytoskeletal regulation roles mediated by Tomo-1 orthologs. For example, two yeast Tomo-1 proteins, Sro7p/77p, together with Sec4 and Myo2 (18, (67) (68) (69) , modulate exocytosis by associating with cytoskeletal components and regulating SNARE function on the plasma membrane (31, 37) .
The key importance of Tomo-1 in orchestrating vesicle priming and exocytotic secretion of chemical messengers raises an imperative need to identify and characterize the signaling pathways which control it. However, identification of transcriptional, translational, and degradative mechanisms mediating the expression level of Tomo-1 and, therefore, the dynamic range of its activity in neurons, is lacking. The present study has uncovered a novel form of Tomo-1 protein regulation in central neurons via the ubiquitin-proteasome system. We have identified HRD1, an ER-resident RING-type E3 ubiquitin ligase, as a novel upstream regulator which specifically targets Tomo-1 for degradation. Indeed, PLA imaging data indicated that although endogenous Tomo-1 and HRD1 are abundant in the cell soma they also generally appear to be overlapping within neuronal dendrites. Further, HRD1 was co-immunoprecipitated with Tomo-1 from neuronal lysate, and in vitro reactions using purified HRD1 and Tomo-1 proteins demonstrated concentrationdependent Tomo-1 ubiquitination by HRD1. The potential for similar actions occurring in vivo is supported by our results demonstrating that pharmacological proteasome blockade, via bath application of MG132 or lactacystin, increased neuronal Tomo-1 protein level. Moreover this action occurred on a shorter time scale than the half-life of most synaptic proteins (70) , suggesting that ubiquitination may be used to selectively target Tomo-1 for rapid proteasomal degradation. However, future consideration is warranted for the concurrent examination of Tomo-1 biosynthetic activity, as production rates may be linked to reduced UPS-mediated degradation or actions of proteasome blockers.
A proteomics screen of pulldown samples of Tomo-2 from the insulin-secreting INS1 ␤-cell line also identified HRD1 as one of the highest confidence Tomo-2 interacting partners, in addition to HRD1 adaptor proteins (43) . It is currently not known at which lysine residues Tomo-1 is ubiquitinated by HRD1, nor to what extent ubiquitination alters the half-life of Tomo-1. Nonetheless, HRD1's well-established function in ubiquitinating target substrates for proteasomal degradation during ER-associated degradation can now be expanded to include actions within dendrites and on synaptic proteins. In addition, as Tomo-1 and HRD1 co-localize to dendrites where they likely interact, the potential exists for localized regulation of Tomo-1 protein level within, or near, postsynaptic sites. A rapid, potentially local, degradation of Tomo-1 may occur in a similar fashion to dephosphorylation-induced, UPS-mediated degradation of fragile X mental retardation protein (FMRP) in the dendrites and synapses of cultured rat neurons (71) .
UPS links Tomo-1 to dendrites
Specific E3 ubiquitin ligases are known to influence synaptic physiology and plasticity in both nonproteolytic (72) and proteolytic-dependent manners (73) . Some of these have been shown to be dependent upon postsynaptic activity (11, 74, 75) . Spine morphogenesis and number (76) , as well as spine maintenance (77) , including specific AMPA receptor subunit levels and membrane integration (78) , are tightly controlled by the UPS. Within the microenvironment of the synapse, targeted protein degradation involving many specific E3 ubiquitin ligases, confers substrate specificity in ubiquitination. Indeed, numerous neuronal E3s have been identified that functionally regulate specific levels of postsynaptic proteins. These include ␥-actin (79), GKAP, and Shank (80) , which are regulated by TRIM3, PSD95 by Mdm2 (13) upon facilitation by CDK5 (81), AMPARs by RNF167 (82) , and the postsynaptic cytoskeletal protein and immediate early gene Arc by both UBE3A (83) and RNF216/TRIAD3 (84) . Targeted ubiquitination of presynaptic proteins is also prominent. For example, the active zone (AZ) protein RIM1, which scaffolds the multiprotein modules which regulate priming and release of neurotransmitter-containing vesicles, is acted upon by the E3 ligase SCRAPPER and results in rapid alteration in presynaptic release (85) . Furthermore, the active zone proteins Bassoon and Piccolo, which are subject to regulation by the E3 ligase Siah1, were shown to be crucial in the ubiquitination and maintenance of numerous presynaptic proteins (8) .
Prior reports have identified HRD1 as important in regulating neuronal cell biology. For example, up-regulation of HRD1 following ER stress in differentiated neurons decreases neurite outgrowth and dendritic arborization (59) . Furthermore, HRD1 has been shown to promote the degradation of other components of the synaptic proteome, including the Parkinassociated endothelin receptor-like receptor, PaelR (55), and expanded polyglutamine variants of Huntingtin (86) . Our results indicate that HRD1, which is well-known to act on membrane delimited proteins, also regulates the cytosolic protein Tomo-1. Although HRD1 targeting of soluble proteins has been rarely reported, it has been shown to facilitate proteasomal degradation and aggresome formation of Optineurin (87), a cytosolic protein involved in the maintenance of the Golgi complex, membrane trafficking, and exocytosis. Interestingly, Optineurin, like the Tomo-1 orthologs Sro7p/77p, is reported to interact with myosin and Rab family proteins (31, 38, 88) .
E3 ligase-mediated ubiquitination of substrate proteins is often sensitive to the state of the target protein's post-translational modifications (PTMs). Tomo-1 is regulated via multiple modifications, including phosphorylation at specific amino acid sites by PKA (36), Akt/PKB (64), and CDK5 (30) kinases, in addition to SUMOylation (40) , which is mediated by the E3 PIAS (41) . Furthermore, there is a growing body of evidence indicatingfacilitatedco-regulationofproteinsubstratesbyphosphorylation, ubiquitination, and other PTMs. For example, CDK5, a kinase recently reported to phosphorylate Tomo-1 and exert a functional impact on the RRP, is down-regulated following the S-nitrosylation of its upstream activator p35. This causes p35 ubiquitination by the E3 PJA2 and degradation (89) . Although the physiological signal driving HRD1-mediated ubiquitination of Tomo-1 is unknown, it may result from up-or down-regulated PTM of Tomo-1, or indirectly following the PTM of kinases and other upstream Tomo-1 regulators. Such integrative mechanisms may serve to balance the rate and targets of degradation and also provide the possibility for diversity in subcellular localization and activity dependence.
Ubiquitination and proteasomal degradation of synaptic proteins does not necessarily indicate an impact on plasticity. It is currently unknown if the relationship between Tomo-1 and HRD1 is regulated following neuronal activity, for example, in a homeostatic fashion. TOM-1, a Tomo-1 ortholog in C. elegans was, however, reported to increase presynaptically in response to neurexin/neuroligin-mediated retrograde down-regulation of presynaptic neurotransmitter release (39) . The molecular mechanism driving the change in TOM-1 protein level remains uncharacterized. Furthermore, we have previously shown that Tomo-1 contributes to CNQX-induced synaptic scaling in hippocampal neurons (30), a form of homeostatic plasticity occurring following synaptic inactivation via AMPAR blockade. Future investigations are required to address the physiological parameters regulating HRD1-mediated Tomo-1 ubiquitination and the resulting functional consequences.
Experimental procedures
Animals
All animal handling procedures are approved by and in full compliance with the regulations of the Institutional Animal Care & Use Committee (IACUC) of the University of Michigan, in addition to the National Institutes of Health guidelines.
Antibodies
Affinity-purified Rb anti-Tomosyn-1 polyclonal antibody (catalogue no. 183103), affinity-purified Rb anti-Tomosyn-2 polyclonal antibody (catalogue no. 183203), and the Ms anti-PSD95 monoclonal antibody (catalogue no. 124011) were from Synaptic Systems (Gottingen, Germany). The Ms anti-␤-actin monoclonal antibody (clone AC74, catalogue no. A2228) was from Sigma-Aldrich. The Rb anti-HRD1 polyclonal antibody (catalogue no. 13473-1-AP) was from Proteintech (Chicago, IL). The Ms anti-conjugated-ubiquitin monoclonal antibody (clone FK2, catalogue no. BML-PW8810) was from Enzo Life Sciences (Farmingdale, NY). The Ms anti-GFP antibody (clone C163, catalogue no. 33-2600) was from Thermo Fisher. For Western blotting, IRDye 800CW-conjugated goat anti-mouse IgG HϩL (catalogue no. 926-68021) and IRDye 680LT-conjugated goat anti-rabbit IgG HϩL (catalogue no. 926-32210) fluorescent secondary antibodies were from LI-COR Biosciences (Lincoln, NE). For light microscopy immunocytochemistry Alexa Fluor 488-, 594-, and 647-conjugated species-specific anti-IgG secondary antibodies raised in goat (catalogue nos. A11073, A11012, and A21236, respectively) were from Invitrogen. Affinity-purified Ms anti-NeuN (neuronal nuclei) monoclonal antibody (clone A60, catalogue. no. MAB377) was from EMD Millipore (Billerica, MA).
Cell culture and transfections
All results were obtained from dissociated rat hippocampal neuronal cultures (17-28 DIV), unless otherwise noted. Hip-
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pocampal neuronal cultures were prepared as previously described, with minor adjustments (90) . Briefly, hippocampal neurons from embryonic day 19 -20 Sprague-Dawley rats of either sex (Charles River) were plated at 400 -450 cells/mm 2 on either 18-mm diameter, no. 1.5 thickness coverglass (Neuvitro, catalogue no. GG-18) or on 14-mm microwell glass-bottom 35-mm culture dishes (MatTek (Ashland, MA), catalogue no. P35G-0.170-14-C) and maintained in an incubator containing 95%/5% O 2 /CO 2 and 100% humidity at 37°C in NBActiv4 medium (catalogue no. Nb4, BrainBits, Springfield, IL) for up to 4 weeks in vitro prior to experimentation. Half of the neuronal culture medium was replaced every 3-4 days until experimentation.
Hippocampal cultures were co-transfected at 13-21 DIV for spine imaging at 17-25 DIV. Transfection was achieved using 200 l of NBActiv4, including 1 l Lipofectamine 2000 (Invitrogen, catalogue no. 11668019) per dish and pCAG-mCherry (0.4 g/dish), in addition to one of the following constructs (1 g/dish): GFP shTomo-1, GFP shHRD1, GFP shSCR, GFP Tomo-1, GFP Tomo-1 lacking the C terminus. Transfection solutions were allowed to stand for 30 min before being dripped onto the cell cultures. Cultures were incubated for 1 h with the Lipofectamine/DNA mix, after which media were exchanged with fresh NBActiv4 media. Pyramidal neurons were then imaged 3-5 days post-transfection.
HEK293T cells (catalogue no. CRL-3216, ATCC, Manassas, VA, Յ15 passages) were seeded in plastic T-75 tissue culture flasks at Ͻ75% confluence in an incubator containing 95%/5% O 2 /CO 2 and 100% humidity at 37°C in DMEM (Gibco catalogue no. 11960) containing: 10% FBS (Gibco catalogue no. 10437-028), 1% GlutaMAX (Thermo Fisher, catalogue no. 35050061), 1% penicillin-streptomycin (Sigma, catalogue no. P4333), and 1% nonessential amino acids (Gibco, catalogue no. 11140 -050).
Cloning of full-length rat m-Tomo-1 constructs into the Gateway Expression vector
The coding sequence of rat m-Tomosyn-1 (NCBI accession number NP_110470.1) was cloned into the NativePure Gateway destination vector pcDNA3.2/capTEV-CT/V5-DEST (Invitrogen, catalogue no. BN3002) for expression in HEK293T cells and native affinity purification for use in the in vitro ubiquitination reactions.
Drugs
The following chemicals were used for this study, as noted: DMSO (Life Technologies, catalogue no. D12345), MG132 (Cayman Chemicals, catalogue no. 10012628), lactacystin (Tocris, catalogue no. 2267), PR-619 (Tocris, catalogue no. 4482). Where noted, protease inhibitor mixture minus EDTA (Roche, catalogue no. 11580800) was added to lysis and/or IP buffers.
Image acquisition, analysis, and quantification
Live cell imaging of neuronal spines was performed on a Nikon Eclipse Ti inverted microscope operating a Nikon A1 laser-scanning confocal system. Specimens were housed under incubation conditions throughout imaging in a gas-, tempera-ture-, and humidity-controlled imaging chamber (Tokai Hit). Laser illumination was provided at 488 nm (air-cooled, argon ion laser at 40 milliwatt, Spectra-Physics) and 543 nm (HeNe laser at 5 milliwatt, Melles Griot). Fluorescence images were acquired with the NIS Elements AR imaging suite (Nikon, version 4.51.00) with pinhole size set to 57.5 m (2 airy units) using a 60ϫ oil-immersion objective (Plan Apo 60ϫ Oil DIC N2) and 3ϫ digital zoom. Images were captured at 1024 ϫ 1024 pixels, with a 0.5 frames per second scan speed and 0.338-m Z-step size. Identical settings for laser intensity and background offset were maintained between all experimental conditions. An entire dendrite emanating from one somatic branch point per neuron was fully imaged and autocompiled into a Z-stack. The Z-stacks were then reconstructed in 3D and analyzed offline using Imaris 7 software (Bitplane, version 7.7.2). Automated detection and analysis of spines was performed on single dendrites from point of initiation at the soma through 150 m of dendrite shaft length.
ICC imaging was performed on an Olympus BX61WI upright laser-scanning confocal microscope using a 20ϫ, 0.75 numerical aperture (NA) air (Olympus America, catalogue no. UAPO340) or 60ϫ, 1.42 NA oil-immersion objective (Olympus America, catalogue no. PLAPON-60ϫ) at 1024 ϫ 1024 pixels image size and 10 s pixel dwell time. Identical settings for gain, laser intensity, background offset, and pinhole size were maintained between all experimental conditions. Fluorescence images were then analyzed offline with the FIJI imaging suite, including the JACoP plugin (91) .
PLA experiments were imaged on an Olympus IX-81 inverted spinning-disc confocal microscope using an ApoN 60ϫ, 1.49 NA oil-immersion objective (Olympus America, catalogue no. APON 60XOTIRF) in wide-field (disc-out) configuration. Illumination was provided by a 300-watt xenon arc lamp (Sutter Instrument, LB-LS/30) coupled to an electronically shuttered liquid light guide for controlled transmission of light to the microscope optics. Images were captured with an Ima-gEM EM-CCD camera (catalogue no. C9100-13, Hammamtsu City, Shizuoka, Japan) with 16 m pixel size using Metamorph image acquisition software (software version no. 7.7.1.0, Molecular Devices, Sunnyvale, CA). The following optical filter-sets were used for DAPI, mCherry, and GFP fluorophores, respectively: excitation 405/25, 472/30, 416/25, and emission 450/30, 520/35, 464/23.
Immunocytochemistry and proximity ligation assay
ICC was performed on cultured hippocampal neurons adhered to the center wells of glass-bottomed 35-mm dishes precoated with poly-D-lysine (catalogue no. P35GC-1.5-14-C, MatTek) as listed above. Cells were fixed and stained according to published protocol (92) . All antibody dilutions and rinses were in PBS plus 3% BSA. Primary antibodies were added at indicated dilutions for 1 h, followed by rinses (five times, 5 min each) and addition of secondary antibodies for 45 min, followed by rinses as above, and stored in Vectashield with DAPI (catalogue no. H-1200, Vector Labs, Burlingame, CA) at 4°C prior to imaging. PLA reactions were performed in the exact fashion as ICC procedures through primary antibody incubation. Next, anti-rabbit PLA ϩ (catalogue no. DUO92002) and anti-mouse UPS links Tomo-1 to dendrites PLA Ϫ (catalogue no. DUO92004) probes (Sigma-Aldrich) were added for 45 min. at 37°C, followed by rinses (three times, 5 min each, in PBS containing 0.2% BSA, 0.1% Triton X-100). Next, ligation and amplification solutions (kit catalogue no. DUO92007) were sequentially added for 30 and 100 min, respectively, with rinses as above between and prior to imaging.
Immunoprecipitation of endogenous Tomosyn-1 and HRD1 from hippocampal neuronal culture
Immunoprecipitation of endogenous protein from cultured hippocampal neurons was performed using either the Tomo-1-specific or HRD1 antibodies noted above by prebinding 2 g antibody to 50 l protein A magnetic DynaBead slurry (Pierce, catalogue no. 88845) per 35-mm dish in 100 mM sodium phosphate buffer (pH 8.0) containing (mM): 75 Na 2 HPO 4 and 25 NaH 2 PO 4 . Cultures were lysed and collected in nondenaturing lysis buffer (pH 7.5) containing (mM): 50 NaCl, 25 Tris, 2 MgCl 2 , 1 CaCl 2 , 0.5% Nonidet P-40, and two times recommended concentration of complete EDTA-free protease inhibitor mixture. Samples were then equalized for total protein concentration (1-3 g/l) and sample volume (100 -300 l) prior to incubation with the conjugated beads for 1 h at 4°C. The samples were then rinsed in lysis buffer and boiled in 1ϫ SDS sample buffer for 5 min before being loaded for PAGE and Western blotting.
In vitro ubiquitination assay
The Gateway rat m-Tomosyn-1 construct noted above was used to express Tomo-1 in HEK293T to encourage proper posttranslational modification and 3D protein structure prior to experimental procedures. Cells were seeded at 50% confluence from liquid nitrogen stocks in 10-cm cell culture dishes for ϳ16 h and serum-starved in 10 ml Opti-MEM (Gibco catalogue no. 31985) for 1 h prior to transfection. Transfection occurred using 25 g plasmid DNA and 25 l Lipofectamine 2000 (Invitrogen, catalogue no. 1166809) in 10 ml Opti-MEM, per dish, for 5 h under standard incubator conditions before standard HEK cell medium replacement. 48 -72 h following transfection the cells were lysed under nondenaturing conditions in lysis buffer containing (mM): 100 Tris, 100 KCl, 0.2 EDTA, 1.5 MgCl 2 , 0.01 pepstatin-A (Sigma, catalogue no. P5318) and protease inhibitor mixture minus EDTA (Roche) at two times recommended concentration. Lysates were then subjected to three freezethaw cycles using liquid nitrogen and centrifuged at 3000 ϫ g for 10 min for denucleation. Nonidet P-40 was added to the lysate supernatants to a final concentration of 1% v/v. Lysates were then incubated with streptavidin-agarose beads (Invitrogen, catalogue no. S951) for 3 h at 4°C to purify the biotinylated epitope-tagged m-Tomo-1 fusion construct. Final purity and protein concentration were quantified using a serial dilution versus BSA standard on a Coomassie Bluestained SDS-PAGE gel.
For use in ubiquitin reactions, 2 g purified Tomosyn-1 bound to the streptavidin-agarose beads were suspended in assay buffer containing the following (mM): 100 Tris, 10 MgCl 2 , and 0.2 DTT (Invitrogen, catalogue no. 15508-013) and subjected to the following reaction conditions at 37°C for 45 min with mixing (E3Lite Ubiquitin Ligase Kit, catalogue no. UC101, LifeSensors, Malvern, PA): 20 g/ml wildtype human ubiquitin (catalogue no. SI201), 10 nM UBE1 (catalogue no. UB101), 100 nM UBE2D2 (catalogue no. UB207H), 16 -250 nM HRD1 (catalogue no. UB307), 200 M ATP (catalogue no. A50-09-200, Sig-nalChem, Richmond, BC, Canada). Negative control experiments were run exactly as described above, with substitution of the E2 UBE2D2 with UBE2G2 (catalogue no. UB227) or the E3 HRD1 with CHIP/STUB1 (catalogue no. UB309).
RNA interference and lentiviral construct generation for targeting HRD1 and Tomo-1
Lentiviral vectors encoding a short hairpin RNAi (shRNA) for targeted knockdown of rat HRD1 were created in the pGFP-C-shLenti and pRFP-CB-shLenti expression vectors (Origene, Rockville, MD, catalogue nos. TL704173 and TR30032) which independently encode (via U6 promoter) the following shRNA sequences, respectively: TGGTTGGCTGAAGACCGTGTG-GACTTTAT, TTGTCAGCCACGCTTATCACAGCATC-CTG. Nontargeted scrambled shRNA sequences (shSCR), CAG-GAACGCATAGACGCATGA, in the same lentiviral vectors were used for control experiments. Targeted knockdown of all Tomo-1 isoforms was accomplished using the same vector with the following custom shRNA sequence inserted: ACTGC-TTCAGCCAGTGATTGTGTCTCCAA.
All shRNA constructs were packaged and produced at the University of Michigan Vector Core (Ann Arbor, MI). Briefly, HEK293T cells were Lipofectamine-transfected with vectors encoding REV, MDL, pvSVG, and each lentiviral plasmid-containing expression construct. At 42 h post-transfection, the virion-containing medium was collected, filtered through a 0.45-m filter to remove cell debris, and ultra-centrifuged at 42,152 ϫ g at 4°C for 2 h. The supernatant was then discarded and the viral pellet gently resuspended in 10 ml NBActiv4 neuronal culture medium (to ϳ 1 ϫ 10 7 multiplicity of infection per milliliter). 500-l aliquots were quickly frozen and stored at Ϫ80°C. Neuronal cultures were treated with a 1:5 (HRD1 knockdown) or 1:10 (Tomo-1 knockdown) dilution of virus at 10 -18 DIV and allowed to express for 4 -7 days before experimentation.
Western blotting
SDS-PAGE gels were wet-transferred onto nitrocellulose membranes at 10 V for 1.2 h and blocked in non-mammalian Odyssey blocking buffer (LI-COR Biosciences, catalogue no. 927-40000). Blocking, primary antibody, and secondary antibody incubations were all performed for 1 h at room temperature and were rinsed three times for 5 min each in PBS plus 0.1% Tween-20 (PBST) between incubations. All primary antibodies were used at a 1:1,000 dilution in PBST for Western blotting, except for the following: anti-␤-actin (AC74) 1:8000, anti-GFP (C163) 1:8000, and anti-ubiquitin (FK2) 1:250. All secondary antibodies were used at a 1:15,000 dilution in PBST. Western blot images were collected with an Odyssey CLx Infrared Imaging System (LI-COR model no. 9120) at 84 m resolution in high-quality mode and within the linear range of exposure. Fluorescence density was quantified with the open-source ImageJ software including the FIJI imaging suite (93) and the gel analyzer plugin.
UPS links Tomo-1 to dendrites YFP Tomo-1 protein expression and purification
Mouse m-Tomosyn-1 (NCBI accession number NP_ 001074813.2) cloned into the pLenti-hSyn-eYFP backbone (22) was provided by Dr. Uri Ashery (Tel Aviv University) and used for efficient transduction and expression in cultured hippocampal neurons, as well as for immunoprecipitation following in vivo ubiquitination experiments. Immunoprecipitation of YFP Tomosyn proteins was performed using GFP Trap magnetic beads (catalogue no. gtma20, ChromoTek, Planegg, Germany). Cells were lysed in buffer containing: 150 mM NaCl, 50 mM Tris, 1% Nonidet P-40, 10 M PR-619, and 2ϫ recommended concentration of protease inhibitor mixture. Lysates were centrifuged at 10,000 ϫ g and supernatants assayed using the Bradford method for total protein quantification. Total protein and volume equalizations were performed on all samples prior to incubation with the anti-GFP beads for 90 min at 4°C to purify the YFP Tomosyn fusion construct. The samples were then rinsed in lysis buffer and boiled in 1.5ϫ LDS sample buffer plus reducing agent (Invitrogen, catalogue nos. B0007, B0009) for 10 min before being loaded for PAGE and Western blotting.
Statistical analyses
All statistical analyses were performed with Prism 6 (version 6.0f, GraphPad Software, La Jolla, CA). Where indicated, twotailed t-tests or analysis of variance (ANOVA) were used for comparisons of population means. Post hoc t-tests were used for multiple comparisons between specific groups. Cumulative frequency distributions were compared using a Kolmogorov-Smirnov test. Sample means throughout are presented Ϯ S.E., with significance thresholds set to #, p Ͻ 0.1; *, p Ͻ 0.05; **, p Ͻ 0.01 for all tests.
Use of biological replicates
Each experiment performed in the current study used unique and independent samples (n ϭ culture dishes for protein level biochemistry, reactions for in vitro ubiquitination assays, single dendrites of individual neurons for spine analysis, neurons for ICC imaging) including paired controls where noted. Significant results were determined from at least three independent neuronal preparations.
